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Femtosecond transient reflectivity and absorption are used to measure the carrier lifetimes in
␣-Fe2O3 thin films and single crystals. The results from the thin films show that initially excited hot
electrons relax to the band edge within 300 fs and then recombine with holes or trap within 5 ps.
The trapped electrons have a lifetime of hundreds of picoseconds. Transient reflectivity
measurements from hematite 共␣-Fe2O3兲 single crystals show similar but slightly faster dynamics
leading to the conclusion that the short carrier lifetimes in these materials are due primarily to
trapping to Fe d-d states in the band gap. In the hematite single crystal, the transient reflectivity
displays oscillations due to the formation of longitudinal acoustic phonons generated following
absorption of the ultrashort excitation pulse. © 2006 American Institute of Physics.
关DOI: 10.1063/1.2177426兴
INTRODUCTION

Metal oxides provide a diverse class of materials with a
wide range of electronic, magnetic, optical, and chemical
properties. For instance, while materials such as TiO2 and
Fe2O3 are semiconductors, other oxides such as MgO and
Al2O3 form wide band gap insulators. The inclusion of d
orbitals and multiple oxidation states can lead to an abundance of interesting surface and bulk properties and can have
tremendous impact on processes such as photocatalysis. In
particular, iron oxides have long been of interest as heterogeneous catalysts, pigments, gas sensors, magnetic materials,
and as components of both terrestrial and extraterrestrial
soils. Much of this interest stems from its relatively small
band gap 共⬃2.2 eV兲, good chemical stability, low toxicity,
and ease of preparation. ␣-Fe2O3, which occurs naturally as
the mineral hematite, has been the interest of a number of
studies but has not found widespread use in photoinitiated
devices. This is likely due to its low photocurrent quantum
efficiency and conductivity resulting from short carrier lifetimes due to electron-hole recombination, rapid electron
trapping, and low hole mobilities.
Hematite has the corundum structure with a hexagonal
unit cell and octahedrally coordinated Fe3+ atoms. The resulting electronic spectra display Fe3+ ligand field transitions
and multiple Fe3+ excitations in the visible and near-uv region of the spectrum.1 Higher lying ligand-to-metal charge
transfer transitions are also observed in the UV region.1 The
band gap at 2.2 eV is likely of Fe3+ d-d origin and indirect in
nature although higher lying direct transitions from the O2−
2p valence band orbitals to the conduction band occur above
3 eV.1,2 Recent luminescence measurements on nanoparticles of ␣-Fe2O3 demonstrate that excitation at near 3.2 eV
a兲
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results in an extremely low quantum yield of about 1
⫻ 10−5, and higher lying direct transitions above 4.9 eV
show only a slightly increased quantum yield.3 The lack of
significant radiative recombination naturally implies that fast
nonradiative processes such as carrier trapping and phonon
coupling severely limit the carrier lifetimes in these materials. Indeed, femtosecond transient absorption measurements
on both ␣-Fe2O3 and ␥-Fe2O3 colloidal nanoparticles display
extremely fast transient decays of 0.36 and 4.2 ps, as well as
a longer 67 ps response.3 The fast decays were attributed to
electron-hole recombination mediated by a high density of
trap states within the band gap.3 Unfortunately, ␣-Fe2O3
nanoparticles are likely to contain numerous surface defects
or trap states and may have complications due to quantum
confinement effects making it difficult to understand the dynamics of such a complex system. Thus, it is difficult to
assess the relative material merits based on these measurements alone.
Recent advances in nanotechnology have produced hematite as nanocrystalline powders as well as nanoparticles in
colloidal solution,3,4 and nanorods,5 which may be utilized as
catalytic materials. Improvements in CO photocatalysis have
been observed by using Fe2O3 nanoparticles in place of
larger-sized Fe2O3 materials.6 Thus, the ability to engineer
materials on the nanoscale dimension could provide pathways to overcome the intrinsic barriers to charge separation
in Fe2O3. Along this line, recent advances in thin film growth
of layered ␣-Fe2O3 and ␣-Cr2O3 have shown noncommutative band offsets, the manifestation of which may be increased charge separation at the interfaces due to an increase
in the interfacial dipole.7 Recent theoretical work attributes
this noncommutative band offset and by extension increased
interfacial dipole to the differences between split-metal and
oxygen-divided interfaces.8 However, initial experimental
tests of ␣-Fe2O3 / ␣-Cr2O3 heterostructures demonstrate that
␣-Cr2O3 is able to promote hole-mediated photodecomposi-
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tion of adsorbed trimethyl acetic acid on its own, and that
any effects due to the staggered band alignment are not experimentally observable.9 In addition, epitaxially grown thin
films offer a controlled, nearly defect-free single-crystal material in which to study the true dynamics following photoexcitation. Comparison to naturally occuring hematite single
crystals as well as previous nanoparticle results may then
lead to a better understanding of the photoinitiated carrier
dynamics. Clearly more work is needed to understand if heterostructures involving iron oxides can overcome some of
the obstacles needed to serve as efficient photocatalysts and
electrodes. In a first step towards characterizing these
multilayer heterostructures, the basic photophysics of
␣-Fe2O3 thin films and single crystals must be characterized
and understood. We report experiments utilizing timeresolved transient absorption and reflectivity measurements
to understand the charge carrier dynamics in thin film ␣
-Fe2O3 and compare the results to bulk single crystal hematite.
EXPERIMENT

Epitaxial films were grown on ␣-Al2O3共0001兲 substrates
by oxygen plasma assisted molecular beam epitaxy
共OPAMBE兲, using a system described in detail elsewhere.10
Films of ␣-Fe2O3 were typically 1000 Å thick, and were
grown on a 100 Å thick ␣-Cr2O3 buffer layer to mitigate the
large in-plane lattice mismatch between ␣-Fe2O3 and the
␣-Al2O3 substrate 关⌬a / a = 5.80% and 3.36% for ␣-Fe2O3 /
␣-Al2O3共0001兲 and ␣-Cr2O3 / ␣-Al2O3共0001兲, respectively兴.
Single crystals of 共0001兲 platelet mineralogical hematite
samples from “iron-rose-type” crystals were polished on one
side with 0.05 m Al2O3 and mounted for transient reflection experiments at near normal incidence. The natural hematite likely contains some impurities such as Ti at concentrations of less than 1 at. % not found in the thin film
samples.
The time-resolved transmission and reflectance measurements were performed using a regeneratively amplified
Ti:sapphire laser system. The output pulse at 814 nm and
1 kHz repetition rate was split into excitation and probe
beams using a 10% beam splitter. The excitation beam was
frequency doubled in a 1 mm beta-barium borate 共BBO兲
crystal to produce the excitation pulse at 407 nm 共3.0 eV兲.
The probe beam was sent through a computer-controlled
variable delay line and then focused into a cell of water to
produce a white-light continuum. The probe photon energy
was frequency selected using 10 nm bandpass interference
filters and then focused with the pump pulse onto the sample.
The reflected and transmitted probe beams were simultaneously monitored using amplified Si photodiodes. The angle
of the reflected probe beam was less than 5° from normal
incidence. The excitation beam was modulated using an optical chopper and the intensities of the transmitted and reflected beams detected using lock-in amplifiers. In this way,
both the transient reflectivity and transmission from the same
region of the sample were collected simultaneously. Pump
intensities were limited below the damage threshold of the
material and estimates of the excited carrier density are in
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FIG. 1. Transmission as a function of wavelength for a 100 nm Fe2O3 thin
film grown on a 10 nm Cr2O3 buffer layer on a sapphire substrate 共solid
line兲 and a 75 nm Cr2O3 thin film on a sapphire substrate 共dotted line兲.

excess of 1018 / cm3. Experiments were performed multiple
times on different regions of the samples and although the
relative amplitudes of the different components of the signal
sometimes varied, the underlying dynamics were identical.
Control experiments were also performed on a 75 nm thick
Cr2O3 film deposited on sapphire. The Cr2O3 thin film produced transient signals at least an order of magnitude smaller
than the corresponding transients from ␣-Fe2O3 at all probe
wavelengths investigated. The reported results are for parallel pump and probe polarizations, although experiments performed with other polarization combinations produced
nearly identical results. The time resolution determined by
fitting the rising edge of the transient signals was found to be
about 300 fs full width at half maximum 共FWHM兲.
RESULTS AND DISCUSSION

Figure 1 displays a transmission spectrum of a 100 nm
Fe2O3 thin film prepared on a sapphire substrate with a
10 nm Cr2O3 buffer layer. A transmission spectrum of a pure
75 nm thick Cr2O3 film on a sapphire substrate is also shown
for comparison. For both Fe2O3 and Cr2O3, the reflectivity
differences over the wavelength region shown are on the
order of 10% 共Refs. 4 and 11兲 so that the observed transmission spectrum is fairly indicative of the absorption spectrum
over this region. The onset of absorption for the Fe2O3 thin
film at 560 nm 共2.2 eV兲 agrees well with previous measurements for the optical band gap of Fe2O3.12 The weak band
centered at about 700 nm 共1.8 eV兲 is thought to originate
from ligand field d-d transitions.1,2 From Fig. 1 it is clear that
excitation at 407 nm 共3.0 eV兲 results in efficient excitation
of the Fe2O3 layer while achieving negligible excitation in
the Cr2O3 layer or sapphire substrate.
Figure 2 shows the time-resolved reflectance measurements 共dotted lines兲 from the 100 nm Fe2O3 thin film using
probe wavelengths of 460 and 500 nm 共2.7 and 2.5 eV兲. Also
shown in Fig. 2 is the corresponding time-resolved transmission measurements 共solid lines兲, recorded simultaneously
with the transient reflectivity. Figure 3 shows the corresponding data observed using probe wavelengths of 560 and
680 nm 共2.2 and 1.8 eV兲. Time-resolved transient reflectivity
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FIG. 4. Longer time femtosecond transient transmission data following excitation at 407 nm 共3.0 eV兲 for a 100 nm thick Fe2O3 film at probe wavelengths of 460, 500, and 600 nm.

FIG. 2. Femtosecond transient reflectivity 共dotted lines兲 and absorption
共solid lines兲 following excitation at 407 nm 共3.0 eV兲 from a 100 nm thick
Fe2O3 film at probe wavelengths of 460 nm 共2.7 eV兲 and 500 nm 共2.5 eV兲.

and absorption experiments measure the changes in the real
and imaginary parts of the refractive index following photoexcitation. The changes in the real and imaginary parts of the
refractive index primarily reflect the excited carrier dynamics. The data shown in Figs. 2 and 3 are readily analyzed
assuming that the photoexcited carrier concentration decays
exponentially following photoexcitation.
There are a number of interesting features displayed by
the transient reflectivity and transmission curves. First, different probe wavelengths show different polarity signals and
some, notably 500 nm, show bipolar transients. Similar bipolar transients are observed using probe wavelengths of 480
and 520 nm 共data not shown兲. Second, there is an initial
pulse-width-limited change in the signal at all wavelengths.
This initial rise is followed by a fast pulse-width-limited decay at probe energies at and below the band gap or by a
3.0 ps decay at probe energies above the band gap. Third, for

FIG. 3. Femtosecond transient reflectivity 共dotted lines兲 and absorption
共solid lines兲 following excitation at 407 nm 共3.0 eV兲 from a 100 nm thick
Fe2O3 film at probe wavelengths of 560 nm 共2.2 eV兲 and 680 nm 共1.8 eV兲.

all wavelengths, there exists a dc offset that is present following the decay of the initial faster transients. Figure 4
displays the longer time scans which show that this dc component shows dynamics on the hundreds of picosecond time
scales and beyond. Thus, the dynamics following photoexcitation in the hematite thin film display three time scales ranging from a few hundred femtoseconds to hundreds of picoseconds.
Figure 5 depicts the sign and magnitude of the changes
in transmission, reflectivity, and absorption of the shortest
time scale 共300 fs兲 feature. Figure 5 clearly shows that the
largest signal changes are observed at probe energies near the
band gap. These changes can be attributed to hot conduction
band electron relaxation resulting in band filling and band
gap shrinkage as the electrons relax to the band edge. These
effects occur on the hundreds of femtosecond time scales and
are expected to be manifest largely at probe regions at or
near the band gap.13 The polarity of the signal also changes
signs near the band gap, consistent with calculations.13
Therefore, the initial fast transients may be assigned to hot
electron relaxation, band filling, and band gap shrinkage following photoexcitation. The interesting bipolar transients

FIG. 5. Maximum change in reflectivity 共squares兲, transmission 共circles兲,
and absorption 共diamonds兲 for a 100 nm thick Fe2O3 film at different probe
energies above and below the band gap at 2.2 eV. The largest changes in
both reflectivity and absorption occur near the band gap energy as expected
for band filling and band gap shrinkage.
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may represent the competition between these effects as they
may have opposite polarity at certain probe wavelengths.13
In addition, both band gap shrinkage and band filling contributions evolve as the nascent carriers cool to the band edge.
These effects occur within the pulse width 共300 fs兲 as expected.
Because of the differences in effective masses of the
photoexcited electrons and holes, electron relaxation dynamics are expected to occur on faster time scales relative to hole
dynamics. Indeed, following the initial pulse-width-limited
rise, the red probe region shows fast 共⬃300 fs兲 pulse-widthlimited decays whereas the blue probe region shows slower,
3.0 ps transients. As mentioned above, the red probe region
is likely to probe the excited electron absorption, thus the
fast pulse width decay is indicative of hot conduction band
electron relaxation. Probe wavelengths significantly above
the band gap can probe different dynamics. The initial pump
pulse at 407 nm 共3.0 eV兲 creates both excited electrons and
holes. Initial excitation at 407 nm bleaches the absorption
spectrum at and near the excitation wavelength. Therefore
the hole recovery time can be measured by monitoring this
region of the spectrum. Indeed, recent femtosecond transient
absorption experiments on GaAs demonstrate that probe
wavelengths significantly above the band gap probe hole recovery dynamics.14,15 This suggests that hole recovery occurs, at least partially, on the 3.0 ps time scale.
The electron dynamics probed between the band edge
共560 nm兲 and the far red region of the spectrum also show
dynamics that can be fit to a 2.9 ps lifetime. Thus, the time
scale for hole recovery and electron relaxation match, suggesting that this is the time scale for electron-hole recombination. This time scale would be consistent with the observed
low quantum yield. Trapping likely occurs to a large fraction
of the carriers, however. The trapped electrons then lead to
the dc component present in the 560–680 nm region of the
spectrum. The corresponding dc component in the blue region of the spectrum signifies the fact that these trapped electrons cannot immediately recombine with the holes, thus the
hole recovery time shows a longer time component as well.
The nature of these trap states is not clear. ␣-Fe2O3 has lowlying electronic states below the conduction band edge1 and
oxygen-deficient Fe3+ defect sites,16 both of which may trap
the photoexcited electrons. From our measurements, these
trapped carriers do not relax for hundreds of picoseconds to
nanoseconds. This is noticeably longer than the carrier recovery time observed in ␣-Fe2O3 nanoparticles where
trapped electrons were observed to decay with a 67 ps
lifetime.3 This longer trapped electron relaxation time for the
thin films may be due to weaker electron-phonon coupling in
these materials.
It is interesting to compare the carrier dynamics in thin
films to results from single crystal 共naturally occurring兲 hematite as the thin films are relatively thick and should behave
similarly to bulk material. Figure 6 displays the timeresolved reflectivity measurements from a ⬃500 m thick
hematite single crystal following excitation at 407 nm
共3.0 eV兲 for probe wavelengths of 460, 500, 560, and
620 nm. Transmission experiments could not be performed
simultaneously due to probe beam absorption within the bulk
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FIG. 6. Femtosecond transient reflectivity following 407 nm 共3.0 eV兲 excitation from a single crystal of hematite using probe wavelengths of 500,
560, 620, and 680 nm.

of the sample. The transient reflectivity data have both similarities to and differences from the hematite thin film data.
First of all, the polarity of the reflectivity changes is positive
共increased transient reflectivity兲 at higher probe energies, and
undergo a polarity reversal near the band gap such that at
probe energies below the band gap the transient reflectivity
changes are negative 共decreased transient reflectivity兲. This
is exactly opposite to the polarity of the responses from the
thin film, although the reversal at the band gap is identical.
Second, the transient reflectivity at 460 nm shows a fast initial rise followed by a slower, 2.0 ps recovery to a constant
offset, similar to the results from the thin film although the
dynamics appear slightly faster. The transient reflectivity signals at probe energies near the band gap show a fast initial
rise followed by a pulse-width-limited sharp decrease and
then a subsequent slower 2.5 ps decay to a nonzero base line.
This is also similar to the results from the thin film although
there is no evidence of bipolar transients at wavelengths
slightly above the band gap. The transient reflectivity signals
at red probe energies below the band gap show the fast
pulse-width-limited rise and decay followed by an exponential growth feature with a time constant of 5 ps. This is in
marked difference to the results from the thin films. This may
be due to the different natures of the numerous defect states
within the single crystal. These trap states may have much
stronger absorptions in the red, thus showing up strongly in
the transient response compared to the thin films.
The photodynamics of the naturally occuring single
crystal and the epitaxially grown single crystal are similar.
The epitaxially grown film is likely to have significantly
fewer defects as well as impurities, both of which would
introduce midgap states responsible for photoelectron trapping. Both materials do, however, possess Fe d-d transitions
within the band gap. The transient reflectivity results indicate
that in the hematite single crystal, the carrier lifetime is
slightly shorter and that there are increased effects of trapping in the red probe region. Therefore, epitaxially grown
films likely have improved qualities relative to the naturally
occuring single crystals. However, even in the thin film
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FIG. 7. Longer time femtosecond transient reflectivity following 407 nm
共3.0 eV兲 excitation from a single crystal of hematite using probe wavelengths of 500, 620, and 680 nm. The oscillations in the reflectivity have a
frequency of 68 GHz and appear only at probe energies at or below the band
gap.

samples, the carrier lifetime is extremely short. It is likely
that the fast trapping of the excited electrons is due to the
existence of d-d states within the band gap and is not a
consequence of the impurities or defects in most hematite
samples. This coupled with strong electron-phonon coupling
likely limits the carrier lifetimes and hence the utility of
these materials in photoinitiated devices where long carrier
lifetimes are essential.
Figure 7 displays the transient reflectivity response of
the hematite single crystal on a longer time scale. There are
two noticeable features in the response, the first is the persistence of the offset component at all wavelengths similar to
the thin film data. Once more this can be assigned to trapped
electron absorption. The second is the appearance of lowfrequency oscillations at all probe wavelengths at or below
the band gap. The frequency of this oscillation is about
68 GHz, indicative of a longitudinal acoustic phonon. Optical excitation of longitudinal acoustic phonons with short
light pulses has been observed in bulk GaN and AlGaN thin
films,17 as well as a variety of quantum wells and
heterostructures.18–21 The generation of the acoustic phonon
is a result of an elastic deformation caused by local heating
following strong absorption of an ultrashort pump pulse.22,23
The absorption of the pump pulse initially creates hot electrons and holes that ultimately lose their energy through collisions with the lattice. This results in an elastic deformation
that launches a strain pulse from the front region of the material. This strain pulse propagates away from the front of the
sample with a velocity determined by the speed of sound in
the material. The delayed probe pulse then experiences regions of compression and rarefaction over the probe pulse
penetration length and these regions propagate through the
sample at the sound velocity. The reflected probe can be
considered as the interference of light reflected from both the
front surface region and the moving compressional wave.
This leads to oscillations in the reflectivity and transmission
of the sample provided that the probe pulse penetration depth
is larger than the deformation pulse width.

The width of the strain pulse corresponds to about twice
the optical penetration depth, determined by the absorption
coefficient ␣.22,23 For hematite using an excitation wavelength of about 400 nm, the optical penetration depth is
roughly 100 nm leading to a deformation pulse width of
about 200 nm. Probe pulses at different wavelengths experience varying amounts of modulation because of the different
penetration depths of the probe at different wavelengths. At
energies above the band gap, the probe pulse penetration
depth is similar to the deformation pulse width and very little
modulation is observed because the deformation appears almost uniform over this distance. At probe energies below the
band gap, the probe penetration depth is greater than the
sample thickness, thus interference between the reflected
waves from the front surface and the elastic deformation
pulse can be observed as oscillations in the total reflected
probe intensity. This is likely why the modulations in the
signal are not observed at probe wavelengths above the band
gap in the hematite single crystal.
From the oscillation period, the velocity of sound 共vs兲
can be calculated according to22

vs =


,
2nt

where t is the modulation period and  is the probe wavelength. This leads to a value of about 6 ⫻ 103 m / s in the
hematite single crystal. In the case of the thin film, the optical penetration depth is about the same length as the thickness of the sample. The associated strain pulse is actually
broader than the film thickness, therefore the probe experiences the strain as a nearly homogeneous deformation and no
oscillations in the reflected intensity are observed. Similarly,
femtosecond transient absorption experiments on ␣-Fe2O3
nanoparticles using red probe wavelengths did not observe
such oscillations3 presumably because the width of the elastic deformation is significantly larger than the particle size.
In summary, the transient response of a 100 nm
␣-Fe2O3 thin film may be described by the following scenario. Initially, excited electrons relax to the conduction band
edge within 300 fs. Recombination with holes and trapping
of electrons occurs in approximately 3 ps. The resulting trap
states exist for hundreds of picoseconds or longer. Measurements on single crystal ␣-Fe2O3 demonstrate slightly faster
dynamics compared to the thin film but with a greater manifestation of electron trapping. This may be due to the single
crystal containing a larger number of more varied trap sites.
While the epitaxially grown thin films display improved
qualities relative to the naturally occuring Fe2O3 single crystals, the carrier lifetimes are not significantly increased. This
points to carrier trapping by midgap Fe d-d states as the
dominant trapping mechanism. Longer time scans from the
hematite single crystal reveal coherent oscillations not observed in the thin film measurements. These oscillations derive from longitudinal acoustic phonons launched following
absorption of the pump pulse.
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